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Abstract 
 
 Removal of estrone (E1) and estradiol (E2) by nanofiltration membranes at neutral pH is 
carried out both by size exclusion and adsorption. Size exclusion is dependent on the solute to pore 
radius ratio and the hormone-membrane affinity. It has been shown that the higher the affinity 
between the trace contaminant and the membrane active layer, the more will partition and 
penetrate inside the membrane and in consequence permeate. Adsorption, on the other hand is 
dependent on the hormone concentration, the adsorption isotherm constant (i.e. proportion between 
the equilibrium concentration and the mass adsorbed) and membrane area available for sorption.  
 To establish the transport mechanisms involved in the removal of trace contaminants by 
NF membranes, it is essential to discern between the different contributions of each of these effects 
independently. In reality, NF membranes have different pore radius, internal surface area and 
affinity with the contaminants, of which most of these are difficult to determine. 
 This paper developed for the first time a model that describes the transport of hormones 
E1 and E2 through the NF membrane pores, in this case the NF 270 membrane, by taking transient 
adsorption into account. The different mechanisms of size exclusion, adsorption and membrane 
affinity were considered by modifying the hydrodynamic model.  
 The model was numerically solved and allowed to obtain the concentration profiles along 
the NF270 membrane pore as a function of time. The model was validated by integrating these 
profiles and determining the total mass adsorbed on the membrane in transient regime that was 
then compared to the experimental data. 
 Despite E1 adsorbing 20% more mass than E2 in static mode for the NF 270 membrane 
(i.e. no pressure applied), E1 adsorbs twice as much as E2 under the same cross-flow conditions. 
The much higher adsorption obtained for E1 in filtration mode can be explained by a higher 
partitioning inside the membrane, compared to E2. A higher partitioning increases the 
concentration of E1 inside the membrane pore, and as a consequence, causes higher adsorption. 
The model developed allowed therefore to clearly distinguish between the contributions of the 
different mechanisms involved in the removal of adsorbing hormones through NF membranes, i.e. 
concentration polarisation, solute-membrane affinity, size exclusion, adsorption, diffusion and 
convection. Although much debate exists on whether solute transport in NF pores is carried out 
solely by diffusion or by diffusion-convection, this model showed that transport by convection and 
diffusion described well the transport of adsorbing hormones by NF membranes, where convection 
especially contributed to the hormone transport for pressures above 11 bar. 
 
Keywords: trace contaminant transport, nanofiltration, adsorption, convection, diffusion 
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1 Introduction 
 
 Hormones have been found at concentrations up to 76 ng.L-1 and 2 µg.L-1 in sewage 
treatment plant and agricultural effluents, respectively [1, 2]. These effluents are discharged in 
surface waters (e.g. rivers) where concentrations of hormones in the ng.L-1 level have been 
measured [3]. For example, in some rivers in the US up to 800 ng.L-1 have been measured in 
streams [4]. Since they pose an environmental and potential health risk to organisms [5], such 
contaminants should be removed from natural and potable water sources. Nanofiltration (NF) is a 
possible treatment solution. 
 Transport mechanisms and retention of ions and some neutral organic solutes by NF 
membranes are generally well understood [6-8]. Pollutants larger than the membrane pore size are 
expected to be retained because of a sieving effect [9-11]. Van der Bruggen et al. [10] showed that 
molecular weight (MW) is a good indicator of NF and RO retention compared to other molecular 
sizes such as Stokes diameter.  
 In consequence, NF membranes are expected to effectively remove hormones of molecular 
weight greater than 270 g.mol-1. However, hormone observed retention varies greatly (from <10% 
up to 100%) [12]. This can be attributed to either different filtration conditions (e.g. pressure) [13] 
or to enhanced partitioning inside the membrane pore [14] which results in a lower performance 
than would be expected solely by size exclusion [15, 16].  
 Furthermore, the occurrence of hormone adsorption onto the membranes is well 
documented [17, 18]. The accumulation of contaminants on the polymeric membranes poses a risk 
since the contaminants can desorb from the membrane during operation or cleaning and 
contaminate the permeate [19-21]. In order to avoid the occurrence of adsorption it is necessary to 
understand what parameters affect adsorption and which mechanisms control the process. Retention 
of adsorbing compounds has been shown to be enhanced when their adsorption is decreased due to 
preferential adsorption of another contaminant on the membrane [22], showing a link between 
adsorption and retention. 
  The principal component analysis method (quantitative structure relations (QSR)) has been 
used to describe retention of trace contaminants by NF membranes as a function of (1) the 
contaminants properties (e.g. molecular width and depth) [23, 24] and (2) the membrane 
characteristics (e.g.  roughness and active layer thickness) [11]. Other studies modelling the 
retention of adsorbing trace contaminants with the hydrodynamic model combined the effect of 
steric exclusion and contaminant-membrane affinity in the partitioning on the nanofiltration 
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membrane pore [14, 25, 26]. The modified model predicted the contaminant retention with 
permeate flux very well. However, these previous studies were carried out after membrane 
saturation had been reached, and no insight on the adsorption mechanisms was provided. The 
mechanisms governing the adsorption and its effect in adsorbing trace contaminant transport onto 
NF membranes are not well understood, and the inclusion of an adsorption term into retention 
models is to date lacking. 
 The occurrence of adsorption has presented a new challenge in the retention modelling of 
adsorbing contaminants in NF membranes. Firstly, in some cases, a continuous adsorption of the 
contaminant on the membrane prevented the application of steady-state retention models developed 
[25, 27] because the permeate concentration was not detectable. Secondly, the addition of a 
transient adsorption term in the transport equation increases considerably the complexity of the 
process. 
Adsorption has been considered in a modified sorption-diffusion model for RO that added 
adsorption induced flux decline to pressure [28]. This model predicted well the permeate 
concentration. However, it did not consider a convection element, which might be expected to occur 
in NF. Furthermore it took into account a flux reduction element caused by sorption of the trace 
contaminant onto the membrane [29]. A flux decrease, however, does not always occur, possibly 
due to the low concentrations used (<µg.L-1) [13, 22, 28]. The addition of a convection term in 
combination with a transient term for adsorption into the contaminant mass transport considerably 
increases the problem complexity. 
Membrane pore radius as well as the surface and internal area were experimentally found to 
have an effect on adsorption, as shown in Part A of this paper. The bigger the pore radius and the 
more internal surface area a membrane has, the more contaminant will adsorb. This indicates that a 
relation between the solute and pore radius, as well as the internal membrane area need to be taken 
into account when modelling trace contaminant adsorption onto NF membranes.  
Contaminant-membrane affinity [14] further needs to be taken into account. The trace 
contaminant partitions to the polyamide active layer and causes a lower retention than would be 
expected [30]. It is however difficult to distinguish experimentally between the different 
contributions of each of these previous effects: pore radius, internal area, adsorption and 
contaminant-membrane affinity since they are all at play during filtration. Furthermore, NF 
membranes have different pore radius distributions, adsorption capacity, immeasurable internal 
surface area and hormone-polymer affinity. 
To overcome those short-falls, a transport model that takes adsorption into account was 
developed. The hydrodynamic model was modified by taking into account steric exclusion, 
adsorption and hormone-membrane affinity. This model has been successfully used to describe the 
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transport of solutes by NF membranes [7, 14]. The model allows two things: firstly understanding 
how the different membrane characteristics such as pore radius, internal surface area and 
partitioning influence adsorption, which is valuable information for the design of new non-
adsorbing membranes; secondly it allows understanding how the mechanisms of diffusion, 
convection and adsorption may contribute to the transport of hormones by NF membranes. The 
concentration profile of the hormone along the membrane thickness is obtained while adsorption 
occurs, allowing elucidating which transport mechanisms are involved. Integrating the transient 
concentration profile along the pore allows obtaining the transient mass adsorbed. The model 
predictions are consistent with the experimental mass adsorbed with time and was hence shown to 
describe well the transport of adsorbing hormones by NF membranes. 
 
 
2 Theory and Model Development 
2.1. Mathematical Model 
 The mathematical model describing the transport of adsorbing solutes through NF 
membranes is described next. Firstly the mathematical equation describing the transport of solutes 
in a membrane pore is obtained by a mass balance to a differential volume in the pore. Secondly the 
boundary conditions needed to solve the transport equation are determined. 
 
2.1.1 NF Pore Transport Equation 
 In the Part A of this paper, it was established that the ratio solute to pore radius (rs/rp) and 
the internal available surface area of the active layer need to be taken into account in adsorption 
and, hence, the transport modelling of hormones in NF membranes. 
 The hydrodynamic model reviewed by Deen [31] was chosen as a basis to describe the 
transport of adsorbing hormones in NF membranes. First, this model takes into account the above-
mentioned influencing parameter ratio of solute to membrane pore size (rs/rp). Then, by considering 
the membrane as having perfectly cylindrical pores with an average pore radius rp and length δ 
(active layer thickness), this model allows using the internal surface area as a parameter in 
modelling hormone adsorption on NF pores. In reality, the membranes are known to have a 
distribution of pore sizes [7, 32] and the pores exhibit tortuosity. This later parameter has however 
never been determined or measured for NF membranes. 
 The solute molecule, assumed to be a spherical particle, is transported to the pore entrance 
where it partitions in the feed, is transported by convection and diffusion inside the pore and then 
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partitions on the permeate side. Figure 1 presents this mechanism schematically with the 
partitioning at the pore entrance (feed side) between Cmp and Cmf and the pore exit (permeate side) 
between Cpp and Cp. 
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Figure 1 Physical phenomena occurring in the filtration of adsorbing compounds onto NF 
membrane active layer with an effective pore size 
 
 Performing a mass balance to a solute A in a differential control volume inside the 
membrane pore for a time interval δt and thickness δz yields equation (1):  
 
t
CA
t
P
z
jA AapAa ∂
∂
=
∂
Ω∂
−
∂
∂
−   (1) 
 
where Aa (m2) is the area of solute passage (corresponding to the permeation area), jA is the solute 
flux (kg.s-1.m-2)), z is the membrane depth (m) from the pore entrance to the pore exit, Pp is the pore 
perimeter (m), Ω is the mass adsorbed per surface area (kg.m-2), t is time (s) and CA is the solute 
concentration inside the pore (kg.m-3). In the previous equation, the first term of the left-hand side 
stands for the solute convective/diffusive transport inside the membrane pore, the second term 
accounts for the solute adsorption on the pore surface and the right-hand side term represents the 
accumulation rate of the solute in the pore. 
 The solute flux jA may have both convective and diffusive terms [31] given by equation 
(2): 
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A
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dCDKj +−=
∞
  (2) 
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where D∞ (m2.s-1) is the solute diffusion coefficient in solution, V (m.s-1) is the radial average fluid 
velocity in a cylindrical pore, calculated as the permeate flux divided by the membrane porosity ε  
and Kc and Kd are the hindrance factors accounting for the drag caused by the pore walls on the 
solute. 
 Substituting equation (2) in equation (1) yields equation (3) which describes the solute 
concentration inside the pore. 
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 The last term on the right-hand side of equation (3) takes into account experimental 
evidence where the membrane adsorption isotherm for both hormones was found to be linear [13] 
(equation 4). 
 
ACΧ=Ω   (4) 
 
where X is the straight line slope (m). The time variation of equation (4) is given by: 
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 Equation (5) can be substituted into equation (3) assuming that sorption in the membrane 
pore surface is faster compared to the velocity in the pore, a common assumption used to model the 
transport of adsorbing contaminants in groundwater and porous media [33, 34]. Adsorption 
experiments carried out with the grinded polymer polyamide (Part A of the paper) and with the 
static experiments in Figure 8 showed that in the first hour of the experiment, more than 70% of the 
total hormone mass adsorbed occurred. This shows that the adsorption process onto the polyamide 
is very quick, and hence, the assumption of substituting equation (5) in equation (3) is valid. After 
algebraic manipulation one obtains equation (6): 
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where Ki and Di are given by equation (7a) and (7b), respectively: 
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 Once the transport equation (equation 6) has been determined, the next step is to establish 
the boundary conditions used to solve equation (6). 
 
2.1.2 Boundary Conditions 
 To solve the time dependent equation (6), an initial condition and two spatial boundary 
conditions are required. The initial and boundary conditions used are presented in equations (8a, b 
and c): 
 
0CA = , t = 0, ∀z (8a) 
 
'CC mfA Φ= , z = 0, t>0 (8b) 
 
'CC pA Φ= , z=L, t>0 (8c) 
 
 When the hormone is added to the system, in the first instance the concentration inside the 
membrane pore is zero (equation 8a). For the spatial boundary conditions, the concentration at the 
pore entrance (Cmp in Figure 1) is equal to the concentration at the membrane surface (Cmf) 
multiplied by the steric partitioning coefficient modified for interaction between the solute and the 
membrane [14]. The same spatial boundary condition is applied on the permeate side (Cpp and Cp).  
 Concentration polarisation needs to be taken into account when modelling adsorption and 
retention of hormones in NF membranes (equation 8b). As was shown in a previous study [13] this 
phenomenon causes an increase in solute concentration at the membrane surface, originating a 
concentration gradient from the bulk feed (Cfb) to the membrane surface (Cmf) as depicted in Figure 
1. The more pronounced the polarisation is the higher Cmf will be. In consequence more solute will 
adsorb to the membrane polymer and less will be retained [13]. The boundary conditions Cmf and Cp 
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were determined with the experimental data for different conditions of filtration (e.g. pressure) as 
explained in section 4.1.2. 
 
2.2. Numerical Model 
2.2.1 Model Development 
 Equation (6) has been applied in the transport of contaminants through porous media [35]. 
To the author’s knowledge, equation (6) has never been applied in nanofiltration of trace 
contaminants. There is no analytical solution for the unsteady-state partial differential equation (6) 
with the boundary conditions expressed by equations (8a, b and c). There are very particular 
situations that allow solving equation (6) analytically. For example, transport in porous media with 
adsorption expressed similarly to equation (6) can be analytically solved considering the media as 
infinite with a nil concentration there [35]. For the case of NF membranes with a few nanometres of 
thickness this approach cannot be used. 
 The previous reasoning leads to the conclusion that the solution of equation (6) requires a 
numerical method. In this work the finite difference method is applied. A grid is built to discretize 
the physical domain so that the dependent variables are calculated at discrete points: the grid nodes. 
The spatial derivative expressions are replaced by finite differences obtained by Taylor’s series 
expansion. Both first and second derivatives are calculated by the second order central differencing 
scheme (equations (9a) and (9b), respectively), which has a truncation error O(δz)2, to ensure higher 
results accuracy [36].  
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where CA is the solute concentration, z is the entrance-exit direction inside the pore, k is a grid node 
with k-1 and k+1 being, respectively, the upstream and downstream neighboring grid nodes, each of 
them distancing δz from the node k. 
 The unsteady character of equation (6) (i.e. dependency on time) was dealt with the full 
implicit method, which is of first order in time O(δt). This scheme is unconditionally stable as 
opposed to the explicit scheme. Therefore, no particular time step (δt) limitations are required [36]. 
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 Applying the central differencing and the full implicit schemes to equation (6) for the 
generic k grid node, and denoting superscripts n and n+1 as two consecutive moments separated by 
the time step δt, the algebraic equation (10) is obtained: 
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 Equation (10) must be written for each grid node, which leads to a set of n equations with n 
unknowns (the concentration at the nodes), n being the number of grid nodes. The first and last 
nodes of the grid which are inside the pore and nearest the pore entrance and exit respectively must 
include the boundary conditions expressed by equations (8b) and (8c), where the experimental 
results measured for the transient feed and permeate concentrations are used, as explained in section 
4.1.2. 
 The set of equations is solved by a matrix algorithm in Matlab to obtain the concentration 
profile along the pore for different times. In the present case the tridiagonal matrix algorithm 
(TDMA) was used [36]. 
 
2.3. Concentration Profile and Mass Adsorbed 
2.3.1 Surface Mass Adsorbed 
 Due to the adsorption of hormone onto the membrane, the membrane surface concentration 
decreases with time. The relationship between the mass adsorbed on the surface and the 
concentration at the membrane surface is hence given by equation (11), similarly to equation (5), 
 
dt
dCXA
dt
dA
dt
dM
mf
surface
surface
surface
surfaceads
−=
Ω
= , (11) 
 
where Mads surface is the hormone mass adsorbed on the surface (ng), Asurface is the membrane 
surface area (cm2), Ωsurface is the mass adsorbed per surface area (ng.cm-2), t is time (s) and X is the 
same parameter as defined in equation (4). 
 Solving equation (11) with an initial boundary condition: t=0, Mads=0 and Cmf=Cm(0) gives 
equation (12), 
 
))()0(( tCCXAM mffmsurfacesurfaceads −=  (12) 
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where Cmf(0) is the concentration at the membrane surface for t=0 and Cmf(t) is the concentration at 
the membrane surface for t>0 (section 4.1.2). 
 The concentration profile inside the membrane pores can hence be obtained, as explained 
next. 
 
 
2.3.2 Pore Mass Adsorbed and Model Prediction Results Comparison with Experimental 
Data 
 The hormone concentration profile inside the pore is obtained by solving numerically 
equation (6) with the boundary conditions expressed by equations (8a, b and c). 
 Once the pore concentration profile is obtained, the pore mass adsorbed is estimated by 
numerically integrating the concentration profile along the pore and considering the linear 
relationship given by equation (4). The pore mass adsorbed is then summed to the surface mass 
adsorbed for each time, given by equation (12) and compared to the experimental results obtained 
for each hormone and each filtration condition. 
 
3 Experimental Methods and Materials 
 The following section describes the hormone adsorption filtration experiments carried out 
to solve the previously described model, along with experimentally determined parameters needed 
for the model such as the hormone-membrane affinity constant Φ’. 
 
3.1. Cross-Flow System 
 The stainless steel cross-flow system used for the filtration experiments has been described 
elsewhere [12]. The system is connected to a flat sheet membrane cell (MMS, Switzerland) of 46 
cm2 surface area, with a slit type channel height of 1×10-3 m, width of 0.025 m and length of 0.191 
m. 
 
3.2. Membrane and Membrane Characteristics 
 The NF270 membrane was used in this study (FilmTec Corp., MN, USA). It is a thin-film 
composite (TFC) membrane consisting of a polyamide active layer with polysulfone and polyester 
support layers and a very low surface roughness. Membrane characteristics can be found in Table 1. 
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Table 1 NF 270 membrane characteristics [13] 
Isoelectric Point 
Water 
Permeability 
(L.h-1.m-2.bar-1) 
NaCl 
Rejection (%) 
(0.1 M, 10 bar) 
MWCO (Da) 
Roughness RA 
(nm) 
pH 3.6 17.0 ± 0.8 52 ± 3 180 ± 20 4.2 ± 0.3 
 
3.3. Chemicals and Reagents 
 The radiolabelled hormones used were [2,4,6,7-3H] estrone (E1) and [2,4,6,7-3H] 17β-
estradiol (E2) (Perkin Elmer and GE Healthcare, UK). An initial hormone feed concentration of 100 
ng.L-1 was used in all the experiments, unless otherwise stated. A volume of 0.5 mL of sample was 
placed in a scintillation vial (Perkin Elmer, UK) with 4 mL of Ultima Gold LLT (Perkin Elmer, 
UK) and counted for 10 minutes each using a Beckman LS 6500 scintillation counter (Fullerton, 
USA). The detection limit of this method is 1 ng.L-1 ± 2% for the hormones studied. 
 
3.4. Hormone Filtration Protocol 
 The membrane coupon, washed and stored in MilliQ water for at least 12 hours, was 
placed in the cross-flow cell and compacted for two hours with MilliQ water at 25 bar. The pure 
water flux was measured at 25 bar for at least 30 minutes to ensure steady flux followed by flux 
measurement at the experimental pressure for ten minutes. The system was then emptied and 
replenished with 1.5 L of fresh MilliQ water, which is recirculated in the system for one hour at a 
set hydrodynamic condition of pressure (3 to 17 bar) and feed flow rate Qfeed (0.5 to 2 L.min-1) to 
ensure all process parameters were constant. 
 A volume of 0.5 L of hormone solution was then added to the 1.5 L of circulating MilliQ 
water to reach the required hormone concentration in the system and mixed well using a mechanical 
stirrer at 200 rpm (Gallenkamp). The feed and permeate hormone concentrations were measured at 
regular time intervals (every five minutes for the first half hour and then once every hour) to obtain 
the transient trend until equilibrium was reached (average of 8 hours). The transient mass adsorbed 
was then obtained by mass balance to the feed tank. A new membrane was used for every 
experiment.  
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 Estrone adsorption on the membrane surface in the cross-flow system was determined by 
circulating a solution of 100 ng.L-1 initial concentration without production of permeate flux, i.e. no 
pressure applied. The retentate was recirculated back to the feed tank and hormone adsorption on 
the membrane surface was obtained by mass balance. 
 
3.5. Partition Coefficient Φ’ Determination 
 The partition coefficient for each hormone E1 and E2 and the NF 270 membrane was 
determined by pre-saturating a membrane at 11 bar, with an initial hormone feed concentration of 
50 ng.L-1 and a feed flow rate of 2 L.min-1 (Reh=1450) to avoid polarisation. According to the 
literature the transitional Reh for slit channels with hydrodynamically smooth walls varies between 
1150 and 1450 [37-39]. The hormone feed and permeate concentration were then measured for 
several pressures, or permeate fluxes, after an hour equilibration for each pressure. 
 
3.6. Static Adsorption Isotherms 
 Hormone static adsorption (no pressure) onto the NF 270 membrane was carried out in a 
shaker. A membrane area of 2 cm2 was gently washed with MilliQ water, placed in 60 mL of E1 
and E2 solutions of different concentrations (25, 50, 100 and 200 ng.L-1) and shaked in a Certomat 
BS-1 UHK-25 shaker (Göttingen, Germany) for at least 48 hours at 200 rpm and 25ºC. 
 
4 Results and Discussion 
4.1. Model Coefficients 
The solution of equation (6) requires several membrane and solute characteristics. Firstly, the NF 
membrane characteristics need to be determined in order to model the transport of the hormone 
through the pore. These characteristics include the average pore radius, the porosity and the active 
layer thickness. Secondly, the hormone characteristics also need to be determined such as the 
hormone diffusivity and Stokes radius. Thirdly, the affinity partition coefficient between the 
hormone and the active layer as well as the concentration at the membrane surface for the boundary 
conditions (8a) to (8c) need to be determined. Finally the proportion between the concentration in 
the liquid and the mass adsorbed on the membrane of equation (4) and (5) also need to be 
determined, as explained in the next sections. 
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4.1.1 Membrane and Solute Characteristics 
 The membrane characteristics, such as active layer thickness and pore radius, needed to 
solve equation (6) were estimated in the first part of this paper (part A) and are summarized in 
Table 2. 
 
Table 2 NF 270 membrane active layer characteristics: average pore radius, active layer thickness to 
porosity ratio, effective interfacial area and porosity 
Average Active 
Layer Thickness 
(nm) 
Average Pore 
Radius rp 
( nm ) 
Active Layer 
Thickness 
Porosity Ratio 
δ/ε 
(µm ) 
Effective 
Interfacial Area 
of Active Layer 
Atotal (cm2) per 
46 cm2 of 
membrane 
Porosity 
21 ± 2.4 0.42 ± 0.02 1.10 ± 0.04 134 ± 18 0.020 ± 0.002 
 
 The hormones diffusivity were calculated using the Worch equation [40] and the 
equivalent sphere solute radius was estimated using the Stokes-Einstein equation [31]. The results 
for estrone (E1) and estradiol (E2) are presented in Table 3. 
 
Table 3 Hormones E1 and E2 properties (for further properties on the hormones refer to Schäfer et 
al. [12]) 
Hormone D∞ (m2.s-1) rs (nm) 
estrone E1 5.87×10-10 0.396 
17-β-estradiol E2 5.85×10-10 0.402 
 
 
4.1.2 Concentration at the Membrane Surface Determination 
 The transient concentration at the membrane surface, Cmf, is calculated with the 
concentration polarisation and film theory [13] using the experimental transient feed and permeate 
concentrations presented in a previous study [13] for the pressures 5 bar and 8 bar (Reh=427) and  
 15
Reh numbers of 570, 855 and 998 (P=11 bar). For the pressure at 15 bar, the experimental results 
are presented in Figure 2.  
 The mass transfer coefficient k, necessary to calculate Cmf is obtained from a Sherwood 
correlation for the same hydrodynamic conditions [41]. 
 
0 200 400 600
0.0
0.2
0.4
0.6
0.8
1.0
 Time (min)
  E1                      E2
 Feed          Feed
 Permeate   Permeate    
 
C/
C f
ee
d(0
)
 
Figure 2 E1 and E2 experimental dimensionless feed and permeate concentration at 15 bar and the 
NF 270 (Cfeed initial (t=0)=100 ng.L-1, T=24°C, pH 7, Reh=427) 
 
 
4.1.3 Determination of the proportion between mass adsorbed and concentration X 
 The parameter X in equations (4), (7a) and (7b) needs to be determined so that the solution 
of equation (6) can be obtained. Each pair solute-membrane has its own X value. The parameter X 
gives a direct proportion between the hormones mass adsorbed subjected to a homogeneous and 
known concentration for a specific surface area. This parameter, however, cannot be directly 
obtained from the slope of the filtration isotherm experiments because the membrane is not 
subjected to a single concentration, but to a range of concentrations: the membrane surface 
concentration and the concentrations inside the pore. The parameter X was hence determined by 
fitting equation (6) to the filtration experiments of varying hormone feed concentration.  
 The fitting results for E1 and E2 are shown in Figure 3. The values obtained are: 
XNF  270-E1=0.21 ± 0.02 m and XNF 270-E2=0.17 ± 0.02 m. As expected, the value obtained for E1 is 
higher than the one obtained for E2, since E2 is found to adsorb less than E1 [13]. 
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Figure 3 Model fitting to feed concentration experiments for (A) E1 and (B) E2 (Cfeed E1=25, 50 and 
200 ng.L-1, Cfeed E2=50, 100 and 500 ng-1 P=11 bar, Reh=427, T=24°C, pH=7) 
 
 
4.1.4 Partition Coefficient 
 The parameter Φ’ (equation 13) needs to be determined in order to solve equation (6) with 
the boundary conditions (8a) and (8b) and obtain the concentration profile along the membrane pore 
for a solute that interacts with the membrane polymer. Partitioning at the membrane entrance and 
exit cannot be considered as purely sterical [31] since the hormone interacts with the membrane. 
 The parameter Φ’ is given by equation (13), 
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where λ=rs/rp, rs and rp being the solute and pore radius respectively, k is the Boltzman constant, T 
is the temperature (K) and ∆Gi is the Gibbs energy of interaction between the solute and the 
membrane in the water phase. 
 The parameter Φ’ is determined by fitting the hydrodynamic model with the modified 
partition coefficient Φ’ to the experimental results of the hormone real retention as a function of the 
permeate flux [14]. Retention is determined for a pre-saturated membrane, to avoid contribution of 
adsorption in the removal mechanism, and at conditions of minimum concentration polarisation. 
Results are presented in Figure 4. The results obtained for the constant B were 35.0 for E1 and 38.4 
for E2. 
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Figure 4 Determination of the solute-affinity constant B for (A) E1 and (B) E2 and NF 270 
membrane (Cfeed=50 ng.L-1, Reh=1450, T=24°C) 
 
4.2. Numerical Model Convergence 
 The steady-state version of equation (6) has the following analytical solution (i.e. no 
occurrence of adsorption): 
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 To verify if the numerical model with adsorption describes well the problem one can 
compare the results obtained by the adsorption numerical model at equilibrium conditions given by 
equation 6 (numerical model with adsorption at steady-state, Num. Ads. at Steady-State in Figure 5) 
with the analytical solution given by equation (14). As can be seen in Figure 5, that exhibits such 
comparison, they coincide showing the good accuracy of the solution of the numerical model.  
 Moreover, tests of grid independence showed that a grid comprising of more than 100 
nodes was found sufficient for the solution to be grid independent with an error below 10-6 ng.L-1. 
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Figure 5 Comparison between the analytical solution and the numerical solutions with different grid 
sizes for no adsorption and the numerical model with adsorption once steady-state is reached (5 bar, 
100 ng.L-1 E2, Reh=427 and at equilibrium conditions) 
 
4.3. Pore Concentration Profiles 
 The predicted pore concentration profiles obtained from the model clarify the dominating 
transport mechanisms inside the NF membrane pore.  
 Figure 6 A and B exhibit the transient concentration profiles for E1 at pressures of 5 and 
15 bar. Figure 6 E and F shows the same results for E2. For comparison purposes, Figure 6 C and G 
show the concentration profiles of E1 and E2, respectively, that would be obtained at 5 bar if no 
adsorption occurred. Figure 6 D and H show the concentration profiles that would be obtained at 15 
bar if no adsorption occurred. The boundary conditions used in this later case were the ones 
obtained experimentally when adsorption occurs, i.e. they are the same as the ones used in Figure 6 
A, B, E and F. 
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Figure 6 Modelled pore concentration profiles for E2 and E1 as a function of time (Reh=427; Cfeed 
=100 ng.L-1); E2: A) 5 bar, B) 15 bar with adsorption and C) 5 bar and D) 15 bar with no 
adsorption; E1: E) 5 bar, F) 15 bar with adsorption and G) 5 bar and H) 15 bar with no adsorption 
 
 Comparing Figure 6 A with C and B with D for E1 (or Figure 6 E with G and F with H for 
E2), the effect of adsorption on the concentration profile of the solute inside the pore becomes 
evident: adsorption starts at the pore entrance region making, for the first instances, the solute 
concentration to decrease along the membrane depth. In fact, the curve concavity ends up to be 
0 5 10 15 20
0.00
0.05
0.10
 Membrane Thickness (nm)
H
15 bar No Adsorption
0.00
0.05
0.10
E2
 
C/
C f
e
e
d 
(0)
5 bar No Adsorption
G
0.00
0.05
0.10
 
 
E2
 
C/
C f
ee
d 
(0)
15 bar
F
0.00
0.05
0.10
0.15
5 bar
Time (min)
 17
 25
 33
 50
 83
 167
 250
 333
E
 20
reverted in those instances compared to when steady-state is reached. Then, adsorption spreads out 
along the membrane depth and, with time, the profile shape approaches that without adsorption. 
 When adsorption occurs at lower pressures (5 bar, Figure 6 A and E), the hormone 
concentration reduces considerably along the pore length at the beginning of the experiment, 
particularly downstream the entrance region. This means high adsorption rates at the pore entrance 
region in the beginning of permeation. 
 A higher pressure originates higher concentrations along the pore as can be seen by 
comparing Figure 6 B and F with Figure 6 A and E, therefore yielding more adsorption. This trend 
is particularly noticeable at the pore centre and exit and is a consequence of the higher 
concentration polarisation yielded by higher pressures.  
 For the highest pressure (15 bar, Figure 6 B and F), convection increases importance: the 
profile shifts from linear (diffusion-dominated transport) to curve (convection-dominated transport) 
showing that convection plays a role in the transport of solutes by NF membranes at high pressures. 
Although present at all instances in Figure 6 B and F, this effect of the convective transport is 
particularly noticeable when steady-state is approached. 
 There is a difference in the amount partitioned into the membrane of E1 compared to E2 
(e.g. Figure 6 A and E): λ is closer to 1 for E2 (λE2=0.950), compared to E1 (λE1=0.936) and 
therefore partitions less inside the pore (equation 8b). E1 is therefore likely to adsorb more because 
the concentrations inside the membrane are higher (Figure 6).  
 Interestingly, the concentration of E1 and E2 in the results for the NF 270 membrane at the 
pore exit are very similar when reaching steady-state, despite the higher permeate concentrations 
obtained for E2 compared to E1 [13] that were used as boundary condition values for the 
predictions. This is caused by the small differences in the molecule size of E1 and E2 (Table 3). The 
closer the solute size is to the pore size, as is the case of E2 compared to E1, the smaller the 
partition coefficient Φ’ will be and therefore, the smaller the concentration inside the membrane on 
the permeate side will be. 
 
4.4. Model Prediction Results Comparison with Experimental Data 
 The model predicted mass adsorbed is compared with the corresponding experimental data 
for several experimental conditions for E1 and E2 (see Figure 7). The model predicts well the total 
mass of hormone adsorbed in the NF membranes when the hydrodynamic model considers both 
transient surface and internal sorption. 
 E1 membrane surface adsorption in the absence of applied pressure (i.e. no permeate 
production) was determined in the cross-flow system as 24 ng. In comparison, the model surface 
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adsorption for the same hormone at 5 bar gave a prediction of 32 ng compared to a total adsorption 
of 50 ng, indicating the close estimated value for surface adsorption given by the model. The 
predicted value by the model at 5 bar is however higher than when no pressure was applied (i.e. 24 
ng). This is expected because at 5 bar the membrane surface is subjected to a higher concentration, 
i.e. the concentration at the membrane surface due to polarisation (around 125 ng.L-1) compared to 
100 ng.L-1 when no pressure is applied. 
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Figure 7 Comparison between experimental and model results of the E1 and E2 mass adsorbed 
(Cfeed=100 ng.L-1, T=24°C, pH 7): Reh=427 A) P=5bar, B) P=8 bar, C) P=15 bar; P=11 bar D) 
Reh=570, E) Reh=855, F) Reh=998 
 
 As can be seen in Figure 7, E1 adsorbs at least twice as much mass as E2 for the same 
filtration conditions and the same membrane. When E1 adsorption in static mode is compared to 
E2, a higher adsorption of E1 onto the membrane is obtained (Figure 8). However, the difference in 
adsorption between E1 and E2 in static mode is only 20% which cannot explain the differences 
obtained in filtration mode. It is however explained by the much higher partitioning of E1 inside the 
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pore compared to E2. This example illustrates well how similar molecules can behave differently 
when one partitions more inside the membrane pore. 
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Figure 8 Static isotherm experiments for E1 and E2 and the NF 270 membrane (Cfeed=25, 50, 100 
and 200 ng.L-1, T=24°C, 200 rpm) 
 
 Because E1 adsorbs more than E2 this causes more pronounced changes in the time-
varying profiles of E1 (Figure 6 A and B) than those observed for E2 (Figure 6 E and F). These 
differences are more noticeable, as expected, at higher pressures, since larger concentration 
polarisation occurs. 
 The effect of adsorption onto NF membranes will not be negligible in real applications. 
The NF 200 membrane from Dow Filmtec, which has a similar MWCO (300 Da [42]) than the 
NF270 membrane (200 Da [13]), is used in the Méry-Sur-Oise plant in Paris. This plant started off 
working at 10 bar pressure in 1999, but due to fouling has now increased to 17 bar [43] so the effect 
of adsorption at these pressures for a feed concentration of 100 ng.L-1 will be significant (∼1.5 
ng.cm-2 for E1 and 0.7 ng.cm-2 for E2) and retentions can be lower than 70% once saturation is 
reached [13]. 
 The impact of adsorption on other membranes will depend on their structure, as shown by 
the developed model: for tight RO membranes with small porosity the impact is expected to be 
small, as partitioning inside the membrane is reduced and adsorption will be low. This was shown 
with the BW30 membrane in Part A of the paper. For a tight membrane with high porosity however, 
such as the NF90 membrane (part A of the paper) adsorption will be higher, as there is more area to 
adsorb onto. However, for looser membranes with high porosity, like the TFC-SR2 membranes, 
adsorption will be much higher due to the higher partitioning inside the pore and a thicker active 
layer, i.e. more internal surface area for adsorption. 
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5 Conclusions 
  
 Hormones partition inside the NF membrane pore, adsorb onto NF polymeric membranes 
and have a lower retention than would be expected by purely steric interactions. The relationship 
between solute and pore size is important. The higher rs/rp is the better the removal will be by steric 
exclusion. However, this is not the only factor playing a role in the removal of trace contaminants 
by NF membranes. The interaction with the membrane polymer may overcome this steric exclusion 
factor leading to a higher partitioning inside the membrane and hence, higher rates of adsorption. 
The lower the interaction of trace contaminants with the membrane (Φ’) the less will their 
concentration partition inside the membrane be and, therefore, less will adsorb in the pores. This has 
an impact on the design of membrane materials. On the other hand, the more internal surface area 
the membrane has, the more will adsorb in it. The adsorbed contaminants inside the membrane can 
desorb if there are changes in the feed conditions, causing more permeation through the membrane, 
decreasing the membrane capacity in retaining adsorbing compounds. 
 A new model taking into account transient adsorption inside the membrane polymeric 
active layer was developed allowing understanding the different mechanisms taking place in the 
transport of these inside the membrane pores and how these depend on the operating conditions. 
Despite much debate on the occurrence of a convective term in transport of solutes by NF 
membranes, transport by convection and diffusion described well the transport of adsorbing 
hormones through NF pores. This term was especially pronounced at pressures higher than 11 bar, 
commonly used pressure in NF. 
 In order to develop a fully predictive model, the parameter X that was obtained through 
fitting with the feed concentration experiments needs to be obtained independently. However, this 
model clearly shows how the membrane structure and different filtration conditions influence the 
adsorption on the NF membrane. This is useful in the design of new membrane materials and 
membrane structures in order to either avoid or enhance adsorption, depending on the application 
required. 
 Further attention needs to be taken when studies of adsorbing compounds are carried out. 
As previously mentioned, misleading conclusions can be taken from studies with the transport of 
adsorbing trace contaminants in unsaturated membranes, because while adsorption occurs, the 
permeate concentration will be low for highly adsorbing contaminants such as E1 with the NF 270. 
These results might lead to the conclusion of a diffusion-dominated transport, when in fact transport 
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of adsorbing hormones through NF membranes are well described by convective and diffusive 
mechanisms as is the case for the membranes at pressures higher than 11 bar. 
 The model developed does not take into account interactions that might occur in real-life 
applications, such as hormone interaction with natural-organic matter, with a fouling layer on the 
membrane surface, amongst others. The developed model aims at understanding the fundamental 
mechanisms of transport of single compounds that adsorb onto NF membranes. The model can 
however be extended in the future in order to take into account other interactions through, for 
example, the inclusion of a source term that can include as many mechanisms/interactions as 
necessary, namely hormone-organic matter interactions. 
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